Endoscopic retrograde cholangiopancreatography (ERCP) is often complex and involves long fluoroscopic times, with significant radiation exposure to medical staff. We investigated protective effects of an additional attached lead shielding device. The lead shielding device covered with the X-ray tube table (0.125 mm lead equivalent) during ERCP procedures. Fluoroscopy scatter radiation, with or without the lead shielding device, was measured using an acrylic phantom and a radiation survey meter. Measurements (25 points) were made at 50 cm intervals, at both 90 and 150 cm above the floor. We created radiation maps, with and without the additional lead shielding device. Moreover, we monitored annual staff exposure to radiation, before and after inclusion of the shielding device. Without additional shielding, exposure doses at the physician's position, 90 and 150 cm above the floor, were 1940 and 4040 (μSv/h) respectively. In contrast, with the shielding device, corresponding exposures were 270 and 450 (μSv/h) at 90 and 150 cm, respectively. Scattered radiation was decreased by 86.1% at 90 cm or 88.9% at 150 cm. However, with additional lead shielding in the middle, rather than hung over the operating table, scattered radiation was decreased by only~10%. The staff's annual dose equivalents (DEs) were 12.2-29.8 mSv/year without and 3.8-8.4 mSv/year with lead shielding. With lead shielding, dose equivalent values for the staff were decreased by 41.0-76.5%. Thus, with additional lead shielding, properly used, scattered radiation would be decreased by~90%, thus decreasing exposure doses to medical staff during ERCPs.
INTRODUCTION
In recent years, the use of endoscopic retrograde cholangiopancreatography (ERCP) has increased, along with prevalence of diseases of the gastrointestinal tract, such as bile duct carcinoma [1] . In ERCP, an endoscope with a gastric camera is placed from the patient's mouth to the duodenum. Next, using a contrast medium under X-ray fluoroscopy, the catheter is inserted into the pancreatic bile duct. Interventional radiology procedures, such as ERCP, are often complex and involve long fluoroscopic analyses, resulting in significant radiation exposure to the operators [2] [3] [4] . Therefore, radiation protection for interventional radiology staff is an important issue [5] [6] [7] [8] [9] .
Surgeons performing these procedures must be reminded that protective clothing, such as aprons, alone may not be sufficient protection, especially as ERCP is often performed by one specializing surgeon. At our hospital, about 140 ERCP procedures -including endoscopic retrograde biliary drainage (ERBD), endoscopic nasobiliary drainage (ENBD), endoscopic papillary balloon dilatation (EPBD) and endoscopic sphincterotomy (EST) -are performed annually. With this number of cases, exposure doses to operators are significant. The International Commission on Radiological Protection (ICRP) stated that the threshold radiation dose during cataract surgery (0.5 Gy) is lower than exposures currently occurring. During ERCP, crystalline lens exposure is also important [10] .
Based on this background, we investigated reduction of scattered radiation doses to the physician (an endoscopist) and to the rest of the staff. We compared doses during ERCP procedures, before and after installation of an additional lead shielding device. Although there were reports of additional lead shielding devices being used during cardiac catheterization procedures [11] [12] [13] [14] , there have been few studies examining scattered radiation doses received by medical staff during ERCP [15] .
In this study, we examined how an additional lead shielding device, attached to the operating room table, could further protect the physician and staff, especially nurses, from exposure.
MATERIALS AND METHODS

Phantom study
An X-ray unit (ZEXIRA; Toshiba Medical Systems, Tokyo, Japan) with an overcouch X-ray system was used (the operating table was 77 × 223 cm). The control system for this equipment sets the X-ray exposure automatically (91−92 kV, 2.2−2.3 mA). The image intensifier (I.I.) size was 10 in. Fluoroscopy-produced scattered radiation was measured using an acrylic phantom (30 × 30 × 20 cm). The measurement plan for the phantom study is shown in Fig. 1 . The position of the X-ray tube was set, taking into account the expected position of the patient during an ERCP procedure. Measurements at 25 points were made at 50 cm intervals. In particular, the P point was the physician's position, Q and R points were staff (nurses') positions and S point was an assistant physician's position. Measurements were made at each position at two distances above the floor, at 90 and 150 cm (90 cm corresponding to the approximate position of the gonads and 150 cm to that of the crystalline lens of the eye). These measurements were performed using a radiation survey meter (ICS-321; HitachiAloka Medical, Ltd, Tokyo, Japan) with a measuring range of 1 μSv/h −300 mSv/h, both with and without the additional lead shielding device. This survey meter was used and calibrated on a regular basis. Moreover, each value was confirmed by performing the dose measurement a second time.
We examined whether the newly installed additional lead shielding device for ERCP would decrease the amount of scattered radiation, presenting the data visually with scattered radiation maps.
We used an additional lead shielding device (Hagoromo X-ray Protective Curtain, Maeda Co., Ltd, Tokyo, Japan: 0.125 mm lead equivalent) after July 2013. Its structure consists of four lead shielding sheets (the front and back are 85 × 66 cm and the two sides are each 85 × 50 cm), and it was hung down to the surface of the operating table during ERCP procedures (Fig. 2) .
The upper part of the shield was made of mesh (without the lead shield). It weighed~6 kg and could be folded in the middle. The focus image distance was 118 cm. We estimated the operating table height as being 85 cm above the floor level. We estimated the height of the operating table that is used clinically as being above the floor level. The scattered radiation dose reduction rate (%) was determined according to the equation (A-B/A) × 100, where A is the scattered radiation without shielding and B is that with shielding. After measuring the scattered radiation, we created a radiation map with the data obtained and SS-3030 software (S.S. TechnoEngineering Co., Nagoya, Japan). This is original software enabling creation of scattering radiation maps in an X-ray fluoroscopy room.
Measurement of physician and staff exposure doses
The same X-ray unit and table that were used in the phantom study were used to measure the radiation exposure by the physician and staff under equivalent X-ray exposures and I.I. sizes as those used during ERCP. We compared the exposure doses to the physician, assistant physician and four nurses, without the additional lead shielding device during the first year (July 2012 − June 2013) and at 1 year after the device was in place (July 2013 − June 2014). The subjects each wore two personal optically stimulated luminescence dosimeters (Quixel badges; Nagase Landauer, Ltd, Tsukuba, Japan). One whole-body dosimeterwas worn under the lead apron on the chest (in men) or on the abdomen (in women). The other, positioned to measure exposure to the eye lens, was placed outside the lead apron on the neck collar, thus monitoring radiation doses in areas not protected by the lead apron. The manufacturer of the badges sent monthly reports of exposure doses to the staff. These reported exposure doses were added together at the end of 1 year, before and after installing the added protective device. Effective dose (ED) and dose equivalent (DE) values were calculated using equations from a previous Japanese study [16] : ED = 0.89 Hp(10) in + 0.11 Hp(10) out and DE = 1.00 × Hp(0.07) out , where H p (10) in was the dose recorded by the dosimeter worn under the lead apron (0.35 mm lead equivalent) at the chest or abdomen (1 cm dose equivalent, under the lead apron); H p (10) out was the dose received by the dosimeter worn outside the lead apron at the neck (1 cm dose equivalent, outside the lead apron); and Hp(0.07) out was the neck badge dose (70 μm dose equivalent, outside the lead apron).
RESULTS
Phantom study
The scattered radiation doses, with and without additional lead shielding, are shown in Table 1 . We also created scattered radiation maps, using software, to visualize the scattered dose of a predetermined measurement point (90 cm above the floor). These maps of the radiation doses without and with the additional lead shielding device, are shown in Fig. 3A and B, respectively.
At 90 cm above the floor, the maximum dose without shielding was 2310 μSv/h. With the additional lead shielding device it was 342 μSv/h. Thus, the scattered radiation dose was decreased by 85.2%.
The dose at the physician's position (P point, Fig. 1 ) without additional lead shielding was 1940 μSv/h. With the additional lead shielding device it was 270 μSv/h, i.e. a dose reduction of 86.1%.
The doses at the two nurses' positions (Q and R) without additional lead shielding were 495 and 1170 (μSv/h), respectively. With the additional lead shielding device they were 185 and 134 (μSv/h), respectively. Thus, the scattered radiation was decreased by 62.6 and 88.5%, respectively.
The dose at the assistant physician's position (S) without additional lead shielding was 784 μSv/h. With the additional lead shielding device it was 125 μSv/h, i.e. a dose reduction of 84.1% (Table 1) .
Scatter radiation maps without (Fig. 4A ) and with ( Fig. 4B ) additional lead shielding devices were also generated for exposures 150 cm above the floor. These maps showed that the maximum dose without shielding was 4820 μSv/h. With the additional lead shielding device it was 525 μSv/h, i.e. a dose reduction of 89.1%.
The dose at the physician's position (P point, Fig. 1 ), without additional lead shielding, was 4040 μSv/h. With the additional lead shielding device, it was 450 μSv/h, i.e. a dose reduction of 88.9%.
The doses at the two nurses' positions (Q and R points, Fig. 1 ), without additional lead shielding, were 890 and 2270 (μSv/h), respectively. With the additional lead shielding device, they were 135 and 140 (μSv/h), i.e. dose reductions of 84.8 and 93.8%, respectively. The dose at the assistant physician's position (S point, Fig. 1 ), without additional lead shielding, was 1400 μSv/h. With the additional lead shielding device, it was 200 μSv/h, i.e. a dose reduction of 85.7% (Table 1) . Figure 5 shows the additional lead shielding that was not unfolded to hang down to the operating table. In a few cases, the ERCP procedure was performed with the shield remaining folded at the middle. In these cases, the scattered radiation was reduced by only~10% at the physician's position (Table 2) . Thus, we concluded that the lead shielding should always be unfolded for greater protection.
Measurement of radiation doses to the physician and other staff Table 3 The physician's ED was 6.3 mSv/year before addition of the lead shielding device and 4.5 mSv/year with shielding, a dose reduction of 28.6%. The DE was 12.9 mSv/year before using the additional lead shielding device and 4.6 mSv/year with shielding, i.e. a dose reduction of 64.3%.
The assistant physician did not return the badge, so this individual's ED and DE values could not be determined.
The four nurses' EDs were 8.5, 4.4, 4.9 and 1.6 mSv/year before using the additional lead shielding device, and 1.0, 1. 
DISCUSSION
ERCP procedures have lower risks for patients than surgical procedures, and their wide acceptance has led to their increased use [1] . This is despite the fact that the radiation doses during ERCP are higher than those of any commonly performed diagnostic radiographic imaging [9, 17, 18] . Therefore, radiation protection for the physicians performing ERCP is very important. Overcouch X-ray systems have higher radiation exposure doses at the level of the physician's eyes, and these may exceed the ICRP limit [17] . There are two types of radiation effects, stochastic and deterministic. The ED is used to estimate the risk of stochastic effects (for example cancer), and the regulatory effective dose limit (that is, 20 mSv/year averaged over 5 consecutive years, 100 mSv over 5 years and 50 mSv in 1 year) is used to ensure that the occurrence of stochastic effects is maintained within acceptable levels [19] . To prevent the occurrence of stochastic effects, the radiation dose must be as low as is reasonably achievable, while ensuring that the procedure is of diagnostic utility and efficiently performed. The DE value is used to estimate the risk of deterministic effects (for example, cataracts), and the regulatory DE limit (e.g. for the eye lens, 150 mSv/year) is used to ensure that deterministic effects, causing tissue reactions, are avoided [19] . Results from only one physician were included in our study.
Protective clothing must also be worn by those performing ERCP. Nurses can stand at a distance from patients to protect themselves from scattered radiation, but doctors cannot. Therefore protective aprons are necessary for doctors including nurses.
Moreover, we believe that further protection against scattered radiation can be achieved by using additional lead shielding in ERCP. Muniraj et al. [17] conducted a randomized, double-blind study of 100 therapeutic ERCP procedures. Patients were randomly assigned to groups with lead-free radiation-attenuating drapes (n = 50) or identical sham drapes (n = 50). The physician wore a personal dosimeter on the left collar, at the level of the left eye. The lead-free radiation-attenuating drapes blocked ≥90% of scattered radiation, thereby decreasing exposure to below the established limits for the eye lens.
Minami et al. [15] used radiation-attenuating curtains mounted on the X-ray tube. Patients were chosen randomly for endoscopic procedures, and radiation doses to the endoscopists were measured with electronic pocket dosimeters placed outside the protective apron. When protective curtains were not used, the mean radiation dose to the endoscopists was 340.9 μSv per procedure. With the protective curtains, the dose was 42.6 μSv per procedure.
Our mean radiation doses (dose equivalents on the neck collar) per procedure to the endoscopist (physician) were lower than those in a previous study, 87.8 μSv (12.9 mSv/year/147) without additional lead shielding, and 31.9 μSv (4.6 mSv/year/144) with additional lead shielding, respectively. We calculated doses per procedure from the annual exposure dose value for the physician. Compared with the dose reduction ratio in the previous study, which was approximately oneeighth, our results showed an approximate dose reduction ratio of one-third. The discrepancy in the results was likely caused by differences in measuring methods, or because in our study the additional lead shielding did not hang down to reach the operating table.
In the phantom study, the scattered radiation exposure doses at the physician's position were 1940 μSv/h (90 cm above the floor) and 4040 μSv/h (150 cm above the floor). The scattered radiation exposure was greater at 150 cm than at 90 cm above the floor. Scattered radiation exposure was greater at 150 cm in our study because we used an overcouch X-ray system (near the tube).
With the additional lead shielding device, the scattered radiation produced by fluoroscopy, measured using the acrylic phantom and the survey meter in the physician's position, was~90% lower than that measured without the additional shielding.
According to the European Society of Gastrointestinal Endoscopy (EGSE) guideline (2012), shields of >0.5 mm lead-equivalent thickness should be positioned between the X-ray tube and the staff, including when mobile C-arm units are used. Staff radiation exposures may be decreased by >90% by using radiation protection shields located between the X-ray tube and staff [20] .
In our study, we used additional lead shielding of 0.125 mmPb, and appear to have achieved protective effects comparable with those reported for 0.5 mmPb lead equivalent, as suggested by the EGSE guidelines.
Also in the phantom study, the additional lead shielding device was highly effective against the scattered radiation produced by fluoroscopy. However, if the additional lead shielding was not unfolded to hang down to the operating table, scattered radiation was decreased by only~10% (Table 2) . This indicated that, if the additional lead shielding is not used properly, staff members are much less protected from the scattered radiation coming from the patient. Hence, it is necessary to ensure that the additional lead shielding device is unfolded and reaches the operating table.
To the best of our knowledge, only a few reports have described use of additional lead shielding during ERCP procedures. There have also been few previous reports on the scattered radiation doses received by operators and other medical staff during ERCP.
The radiation maps have added clarity to the distribution of the scattered radiation distribution, e.g. the radiation dose at the physician's position was decreased to about one-ninth. Such information should lead to greater awareness about exposures to physicians and other staff, especially nurses [21] . When the measurement area was narrowed, more detailed radiation maps could be drawn. We believe that ours is the first report presenting a scattered radiation map for ERCP.
Previous studies also evaluated scattered radiation doses to the staff during ERCP. For example, O'Connor et al. [22] reported that the mean equivalent dose to the lens of a gastroenterologist's eye was 0.09 mSv per ERCP procedure with an overcouch X-ray tube. Doses to staff eyes during ERCP could potentially exceed the revised ICRP limit per annum when an overcouch X-ray tube is used. Sulieman et al. [23] reported that the mean radiation dose to the first operator was 0.27 mGy to the eye lens and 0.32 mGy to the chest. The mean radiation dose to the nurse at chest level was 0.19 mGy.
At the end of 1 year, we compared ED values for the physician and staff, with and without the additional lead shielding device. Before using the lead shielding device, the ED value for the physician was 6.3 mSv/year and those for the four nurses were 8.5, 4.4, 4.9 and 1.6 mSv/year. Moreover, the DE (to the eye lens) for the physician was calculated at 12.9 mSv/year and for the nurses at 12.2, 29.8, 17.0 and 12.9 mSv/year. With use of the additional lead shielding device, the mean ED for the physician was 4.5 mSv/year and those for the nurses were 1.0, 1.5, 0.8 and 0.4 mSv/year. Moreover, the DE (to the eye lens) was calculated at 4.6 mSv/ year for the physician and at 7.2, 7.0, 8.4 and 3.8 mSv/year for the four nurses.
In addition, ED and DE values were significantly higher before installation of the lead shielding device than after during other common radiological procedures such as in the Video-Fluoroscopic Swallowing Study [24, 25] . Hence, additional lead shielding devices were highly effective for decreasing exposure doses to both physicians and staff. In our hospital, ERCP procedures (including ERBD, ENBD, EPBD and EST) are implemented in about 140 cases per year. If the same personnel were present for more procedures without additional protection, their exposures might exceed dose limits. With additional lead shielding, however, exposures would remain below dose limits, even for 500 ERCP procedures, according to our results and those of others [17] .
The positions of the nurses are usually at points Q and R (Fig. 1) . It was suggested, however, that their exposure was increased because they inevitably move toward the X-ray tube when the patient moves [15] . Chida et al. [26] reported that algorithms based on single dosimetry may underestimate the ED in certain cases and they recommended double dosimetry.
They reported that the threshold for developing a cataract, 0.5 Gy, could be lower than current exposure doses; the dose limit to the lens is 20 mSv per year, averaged over defined 5 year periods, with no single year exceeding 50 mSv. The ICRP established guidelines for radiation protection for doctors and other medical staff [10] . In addition, wearing lead glasses remains useful for protecting the eye lens.
Deterministic effects are those occurring only above a certain dose threshold. Therefore, multiple levels of radiation protection, for example, thyroid neck shields and protective glasses, are required to minimize radiation exposure. It is believed that the dose limit of exposure to the lens would not be exceeded with protective glasses and additional lead shielding in place.
Oztas et al. [27] reported that the crystalline lens exposure for persons involved in ERCP procedures was 92 μSv/h per procedure. Because~1850 procedures are performed annually, the 150 mSv/ year dose limit to the crystalline lens would be exceeded. These investigators, therefore, recommended protective glasses.
Naidu et al. [28] estimated annual ED values, based on the results of 61 patients undergoing ERCP during a 2 month period. They reported that the dose to the operator during ERCP was 3.35−5.87 mSv, consistent with our results. They emphasized the need for measures to minimize radiation exposure during ERCP, recommending protective glasses or a thyroid protector.
Shin et al. [29] investigated use of radiation protection equipment during ERCP in Korea. Although use of protective aprons and thyroid protectors was high, use of protective eyeglasses was low (37.8%).
It is necessary to keep radiation exposure doses from fluoroscopy as low as possible to avoid radiation-induced skin injuries in patients undergoing interventional radiography [30] [31] [32] [33] [34] [35] . When participating in an ERCP procedure, all staff should be aware of the radiation protection afforded by the inverse square law. Some medical staff, especially nurses, are somewhat protected from scattered radiation because of their distance from the source [21, 36] . Physicians, however, cannot be protected because they must remain close to the patient [37, 38] . The additional lead shielding device is highly effective in reducing the scattered radiation dose to physicians and other medical staff during ERCP. Our study had limitations. We analyzed data from only one hospital, and from only one physician and four nurses. We were unable to measure ED or DE values for the assistant physician. Finally, we did not take into consideration the fluoroscopy time or patient body weights in calculating doses to the staff. Although the survey meter used for measurement was regularly calibrated, there may be variations in such measurements.
CONCLUSIONS
We assessed whether a newly installed additional lead shielding device decreased exposure to scattered radiation for the operator and nurses during ERCP. The results of the phantom study showed a maximum decrease of 89.1% scattered radiation exposure with the additional lead shielding. Exposure radiation dosimetry results from the Quixel badges indicated that the DE doses were decreased by 64.3% (physician) and 41.0−76.5% (four nurses) by using an additional lead shielding device. We concluded that the additional lead shielding device was highly effective for reducing radiation exposure to both the physician and other staff members. If the additional lead shielding is used properly, exposure to scattered radiation can be decreased by~90%.
